Background. At any given perfusion pressure, coronary reserve is expressed by the difference between autoregulated and maximally vasodilated flow. In hypertension the raised coronary resistance reduces the steepness of the pressure-flow relationship at maximal vasodilatation. In the presence of cardiac hypertrophy the line of autoregulated flow becomes higher. For these reasons coronary reserve is reduced and the point at which baseline flow approaches the maximal achievable flow might be shifted to a higher perfusion pressure. Thus, any reduction below this elevated and critical value of pressure would lower the coronary flow.
Background. At any given perfusion pressure, coronary reserve is expressed by the difference between autoregulated and maximally vasodilated flow. In hypertension the raised coronary resistance reduces the steepness of the pressure-flow relationship at maximal vasodilatation. In the presence of cardiac hypertrophy the line of autoregulated flow becomes higher. For these reasons coronary reserve is reduced and the point at which baseline flow approaches the maximal achievable flow might be shifted to a higher perfusion pressure. Thus, any reduction below this elevated and critical value of pressure would lower the coronary flow.
Methods and Results. The investigated patients were normotensive (controls, nine) and hypertensive with normal (group I, seven) or augmented LV mass index because of concentric LV hypertrophy (group II, eight). All had effort-induced angina and angiographically normal left epicardial branches. Flow in the great cardiac vein was measured by thermodilution in the baseline and during stepwise (5 mm Hg every 5 minutes) decrease of the coronary perfusion pressure with a titrated nitroprusside i.v. infusion; perfusion pressures of 60 mm Hg in the controls and 70 mm Hg in the hypertensives were taken as end points. Baseline flow averaged 102 ml/min in normotensives, 104 ml/min in hypertensive group I and 148 ml/min in hypertensive group II. At the end points flow was similar to baseline in the controls and group I. In group II coronary flow started to decline and myocardial 02 extraction started to slightly but significantly rise at perfusion pressures of 90-80 mm Hg; at the end point flow was reduced by 26% (p<0.01 from baseline). The perfusion patterns did not seem to be related to the changes in tension-time index and heart rate.
Conclusions. The association of high blood pressure (reduced ability of the coronary arterioles to dilate) and hypertrophy of the myocardium (augmented baseline coronary flow) may shift the point of exhaustion of coronary reserve to a higher perfusion pressure Fifteen men with primary systemic high blood pressure constituted the hypertensive population. The history of hypertension varied from 5 to more than 20 (mean±SD, 9±6) years. The electrocardiogram showed sinus rhythm and no repolarization abnormalities in all patients; electrocardiographic evidence of left ventricular hypertrophy18 was present in five. Nine men with no history or evidence of hypertension and a normal electrocardiogram who were also referred for evaluation of chest pain constituted the normotensive controls. All patients reported pain with exertion, which was described as "pressure"; six patients also reported pain at rest. Exercise tolerance testing was performed according to the Kaltenbach protocol.19 Eleven hypertensive and seven normotensive patients reported chest "pressure" at peak exercise, and four and three of them, respectively, had ST segment depression of 1.0-2.0 mm.
The study protocol was reviewed and approved by the institutional review board of the Institute of Cardiology. Before cardiac catheterization, all patients gave consent after a detailed explanation of the procedures to be undertaken and the possible investigative purposes.
Cardiac Catheterization Protocol
Cardioactive and antihypertensive medications were discontinued at least 72 hours before catheterization. Coronary arteriography was performed to confirm a normal appearance of the left main, left anterior descending, large diagonal, main left circumflex, and large obtuse marginal and posterolateral branches. Six hypertensive patients (two with left ventricular hypertrophy) and five normotensive patients had a single 50-70% stenosis of the middle right coronary artery, one hypertensive and one normotensive patient had a 70% stenosis of the large posterior descending artery, and four hypertensive and three normotensive patients had only minimal irregularities of the right coronary artery. Three hypertensive patients with hypertrophy and one with a normal-sized left ventricle had normal coronary arteriograms.
For the hemodynamic study, arterial catheterization was performed through both femoral arteries with a 7-French catheter to monitor control aortic pressure and with a 7-French pigtail catheter to record ventricular pressure. Pressures were recorded simultaneously, with thoroughly flushed disposable air-reference transducers (Spectramed, Oxnard, Calif.). A Baim thermodilution catheter (Elecath, Rahway, N.Y.) was inserted percutaneously into the right internal jugular vein and positioned with its tip at the junction of the great cardiac vein and the anterior interventricular vein.20 Low-osmolar contrast medium was injected to confirm the proper position of the catheter and to ensure that there was no major side-branching vein in the area of the catheter tip that might affect the measurement of blood flow. The relation of the catheter to the cardiac silhouette and bone landmarks was repeatedly assessed before each flow measurement to make sure that the catheter position was constant. Coronary flow from the great cardiac vein, draining the anterior left ventricle, was determined with a computer (Baim CSF Flow Analyzer and Calculator, Elecath) with room-temperature 5% dextrose solution injected at 60 ml/sec.20,21 Significant reflux was further excluded by monitoring the changes in coronary sinus blood temperature during an injection of 10 ml iced saline into the right atrium, before and at the end of the study. The variability of coronary blood flow measurement with this method has been shown to be 5% or less. 22 Oxygen content of the arterial and great cardiac vein blood was obtained using a Lex-02-Con-TL oxygen analyzer (Lexington Instruments, Waltham, Mass.). Leads I, aVF, and V6 were used to monitor the electrocardiogram.
The reasons for choosing the thermodilution technique of assessing coronary flow were the possibility of measuring absolute blood flow rather than velocity and sampling through the catheter system of coronary venous blood for oxygen determinations. An additional reason was that the relatively slow time constant of the method was not a limiting factor since our study involved flow measurements during steadystate conditions.
The hemodynamic records were started at least 30 minutes after completion of the coronary angiographic procedures. At least 15 minutes were allowed between the injection of contrast medium for thermodilution catheter positioning and the subsequent hemodynamic studies.23 Baseline measurements included heart rate, central aortic pressure, left ventricular ejection time (from the beginning of the upstroke to the trough of the incisura in the aortic pressure tracing recorded at a speed of 100 mm/sec), left ventricular diastolic pressure, and coronary flow (mean of duplicate determinations); the tensiontime index (millimeters mercury per minute) was derived from the product of the pressure-time per beat and the heart rate. Arterial and great cardiac vein blood samples were also obtained for determicorded continuously while 100 mg nitroprusside in 250 ml saline was infused intravenously. (range, 147-205) g/m2 (Figure 2 ). Figure 3 shows the flow changes in the great cardiac vein in response to nitroprusside infusion in the three groups. In the controls, baseline blood flow was 102 ml/min, flow rose progressively until a peak of 128 ml/min was Table 2 , doses of nitroprusside required to lower the driving pressure through the coronary circuit to 80, 75, and 70 mm Hg were higher in groups 1 and 2 than in the controls. At the end points, heart rate was raised and left ventricular ejection time was lowered to similar extents in all groups. Figure 4 illustrates the patterns of the tension-time index and myocardial oxygen extraction versus coronary perfusion pressure. At each step of nitroprusside infusion, we recorded a reduction of the tension-time index in all patients due to progressive decrease of the systolic aortic pressure and shortening of the left ventricular ejection time. 
Discussion
The accuracy of the thermodilution method, mainly when used to measure minor differences (+30%) in coronary flow, has been questioned27 for several reasons: 1) the likelihood that in the presence of severe coronary disease the venous drainage pattern is disturbed, 2) the potential variability attributable to small changes in catheter position, 3) the chance that blood may reflux from the right atrium into the coronary veins, and 4) the drainage by the coronary sinus of only a fraction of myocardial blood flow, which varies with myocardial load. Although these arguments warrant consideration, they probably do not represent major limitations. In fact, in our study the epicardial branches supplying blood to the territory drained by the great cardiac vein were free from narrowings; the protocol was designed not to assess vasodilator reserve, but to illustrate the relation between coronary driving pressure and blood flow in different clinical settings, and the methods used were the same in the three patient groups.
Studies have demonstrated that the absolute coronary flow for hypertrophied hearts is greater than that for normal hearts because of the greater mass involved17 and that left ventricular hypertrophy is associated with a reduced maximal coronary vasodilator reserve, whether hypertrophy is produced experimentally or develops in patients as a result of hypertension.5'14-16 This reduction in maximal flow may be caused by primary alterations of coronary vascular resistance or by an increase in the diastolic myocardial tension28 or because ventricular hypertrophy develops without a concomitant increase in myocardial vascularization.29 Studies of coronary blood flow in patients with hypertension have focused predominantly on those with coexistent left ventricular hypertrophy; an increased resistance, however, would disturb the coronary microcirculation in the absence of myocardial hypertrophy as well. 4 Results of our study seem to be in line with these concepts. Although coronary driving pressure at rest and left ventricular diastolic pressure (which is a major determinant of the extravascular component of coronary resistance) were comparable in groups 1 and 2, flow in the great cardiac vein was similar to normal in group 1 and was augmented in group 2. The increased coronary flow at rest in the latter group may simply be the consequence of the greater mass of the left ventricle. The normal flow in the former group may, indeed, reflect an elevated coronary resistance as an autoregulatory response of the coronary bed to systemic hypertension. If the coronary resistance had not increased, the elevated driving pressure would have led to inappropriately high myocardial flow.
During the nitroprusside test in the controls we recorded a rise of coronary flow, which was maximal and significant at a perfusion pressure of 70 mm Hg and subsided with further pressure reductions (Figure 3) . During this phase, the tension-time index was lower than baseline and myocardial oxygen extraction tended to diminish (Figure 4) . Similar flow Oxygen extraction (ml O2/di) 16 14- There is a major concern regarding the methods used to investigate coronary autoregulation: patients were an intact model wherein myocardial work and perfusion pressure of the coronary system were not independent and true autoregulation might be disturbed by changes in aortic pressure and heart rate. It is important to note, however, that the reduction in flow associated with the decline of coronary perfusion pressure in group 2 was paralleled by a significant increase of myocardial oxygen extraction, suggesting that our method identified the point at which coronary flow reserve became exhausted. Therefore, we believe that these limitations do not detract from our conclusions.
We postulated that for a shift of the lower range of coronary autoregulation to a higher perfusion pressure, the convergence of hypertension, an augmented coronary flow at rest, and a reduced ability of the coronary arterioles to vasodilate is required. A situation like this was realized in group 2 and was associated with the pattern of a significant decrement of coronary flow when driving pressure through the coronary circuit was lowered to 90-80 mm Hg. At a perfusion pressure of 70 mm Hg, flow declined by an average of 45 ml/min. At the same level of pressure, on the contrary, coronary flow was steady in group 1. A combination of the two factors hypertension and raised coronary resistance is apparently not enough to importantly affect the lower range of coronary flow autoregulation. The different vulnerabilities of coronary circulatory homeostasis between the hypertensive groups was not explained in terms of duration of diastole and the time available for coronary filling31 since heart rate and left ventricular ejection interval were similar in the two groups at each step of nitroprusside infusion. The tension-time index, a fairly accurate measure of the oxygen consumption of the heart,32 reasonably rules out that different changes in myocardial oxygen demand played a substantial part since the index was lowered to a similar extent in both hypertensive groups during the test. Lastly, an increase in myocardial oxygen extraction, as detected in group 2, is the response typically observed in patients who have stress-induced ischemia. 33 In studies similar to this, carried out in rats34 and ischemic heart disease.
